Norway rats is reduced from the relatively high levels produced by Leydig cells of young rats, and that this reduction is not secondary to decreased serum luteinizing hormone (LH) concentration. The free radical theory of aging proposes that imbalance between pro-oxidants and the antioxidant defense system ultimately results in oxidative damage to cellular processes.
Previous studies have shown that testosterone production by the Leydig cells of aged Brown Norway rats is reduced from the relatively high levels produced by Leydig cells of young rats, and that this reduction is not secondary to decreased serum luteinizing hormone (LH) concentration. The free radical theory of aging proposes that imbalance between pro-oxidants and the antioxidant defense system ultimately results in oxidative damage to cellular processes.
With this in mind, we hypothesized herein that age-related reductions in steroidogenesis by Brown Norway rat Leydig cells may be associated with the impairment of the antioxidant defense system of these cells. To begin to test this hypothesis, we compared the activities and steady-state mRNA and protein levels of the antioxidant enzymes CuZn superoxide dismutaste (CuZnSOD, SOD1), Mn superoxide dismutase (MnSOD, SOD2) and glutathione peroxidase (GPx) , and the levels of reduced (GSH) and oxidized (GSSG) glutathione in Leydig cells isolated from the testes of young (4 month-old) and aged rats (20 month-old) Brown Norway rats. For some studies, Leydig cells were isolated separately from aged testes that either had regressed because of age-related losses of germ cells, or were non-regressed. SOD (total) and GPx activities were found to decrease significantly with age whether or not the testes were regressed. CuZnSOD and MnSOD mRNA levels decreased with aging, though the magnitude of the decreases were considerably less than the respective decreases in enzyme activities. GPx mRNA levels also decreased, consistent with the decreases seen in enzyme activity. MnSOD protein expression declined with age, and to a lesser extent CuZnSOD did as well. Reduced and oxidized glutathione also exhibited age-related reductions in cells from both normal and regressed aged testes. The age-related decreases in Leydig cell antioxidant enzyme activities, gene expression and protein levels, and in glutathione, were consistent with the hypothesis that the loss of steroidogenic function that accompanies Leydig cell aging may result in part from a decrease in the fidelity of the cellular antioxidant defense system. Reductions in serum testosterone levels occur in aging men (Swerdloff and Wang, 1993; Matsumoto et al, 2000) and male rodents (Bethea and Walker, 1979; Lin et al, 1980; Kinoshita et al, 1985) . In Sprague Dawley rats, which have been the focus of many previous studies of male reproductive aging, and in most other rat strains, reduced serum levels of testosterone apparently occur in response to decreased serum LH levels (Bruni et al, 1977; Pirke et al, 1978; Lin et al, 1980; Meites, 1982; Steiner et al, 1984) . In humans, however, serum levels of LH do not decrease and FSH levels increase (Gruenewald et al, 1994) , suggesting that reduced serum testosterone is not a consequence of deficits of the hypothalamic-pituitary axis. As in humans, Brown Norway rat serum testosterone levels decrease with aging, serum FSH levels rise, and serum LH levels either do not change or rise Zirkin and Chen, 2000) . Thus, as in humans, age-related reductions in Brown Norway rat testosterone apparently are not secondary to reduced LH, but rather result from primary gonadal changes that are independent of changes in the hypothalamic-pituitary axis (Chen et al, 1994; Chen et al, 1996) .
Recent studies of Leydig cells of the Brown Norway rat have demonstrated that aging is
accompanied by functional deficits of individual Leydig cells (Chen et al, 1994; Chen et al, 1996) . Exposing the aging cells to LH, whether in vivo (Grzywacz et al, 1998) or in vitro (Chen et al, 2002) , did not "restore" the aged cells to the high levels of testosterone production that are characteristic of young cells. In contrast, when the aged cells were incubated with dbcAMP, testosterone production increased to levels close to those of young cells (Chen et al, 2004; Luo et al, 2005) , suggesting that deficits in the signal transduction mechanism that lead to cAMP production may explain age-related reductions in steroidogenesis. As yet, the mechanism by which signal transduction deficits occur is uncertain.
The free radical theory of aging posits that cells are in a chronic state of oxidative stress as a consequence of imbalance between pro-oxidants and the antioxidant defense system, and that as a consequence of this imbalance, oxidative damage may occur over time to lipids, DNA and/or proteins (Miro et al, 2000; Sastre et al, 2000; Stadtman and Levine, 2000; Stadtman, 2001) . We have shown previously that Leydig cells from the testes of aged Brown Norway rats produce significantly greater levels of reactive oxygen species (ROS) than cells from young rats . Additionally, the possibility that there may be deficits in the antioxidant defense system of aging Brown Norway rat Leydig cells was suggested by microarray analysis which 4 revealed age-related down-regulation of genes of the free radical scavenger family, including the glutathione transferase subunits GST12 and GSTM2, and CuZn superoxide disumatase (SOD1), the most prominent antioxidant enzyme in Leydig cells ( Syntin et al, 2001; Chen et al, 2004) . In addition to SOD, which catalyzes the dismutation of superoxide radicals into hydrogen peroxide and oxygen, major antioxidant defense molecules that are present in Leydig cells include catalase (CAT), which catalyzes the conversion of hydrogen peroxide to oxygen and water, and members of the glutathione peroxidase (GPx) family, which use reduced glutathione (GSH) as a nonenzymatic cofactor to convert hydrogen peroxide to water. Two forms of SOD co-exist, a tetrameric enzyme containing manganese (MnSOD) and a dimeric enzyme containing copper and zinc (CuZnSOD) . There are at least five GPx isoenzymes found in mammals (Schwaab et al, 1998) , among which GPx1 is considered to be the major enzyme responsible for removing hydrogen peroxide. Though the relationships among ROS production, antioxidant defense and age-related reductions in steroidogenesis are not known, it is plausible to hypothesize that the ability of Leydig cells to withstand damaging free radicals may be compromised by age-related imbalance between ROS production and the anti-oxidant defense system, and therefore that oxidant-induced damage to Leydig cells may be involved in age-related reductions in steroidogenesis. The present study was predicated on the hypothesis that the reduced ability of aging Brown Norway rat Leydig cells to respond to LH, and therefore the reduced ability of these cells to produce testosterone, is associated with the age-related impairment of the antioxidant defense system of these cells. To begin to test this hypothesis, the enzyme activities and mRNA and protein levels of the antioxidant enzymes CuZn, MnSOD and GPx, and the cellular content of the non-enzymatic antioxidant molecule, glutathione, were measured in freshly isolated Leydig cells from the testes of young (4 month-old) and aged (20 month-old) rats. With respect to the aged rats, Leydig cells were obtained separately from testes of normal size and cellular content, and from testes that had regressed as a consequence of age-related germ cell loss. The rationale for studying aged regressed and non-regressed (normal) testes separately is that Syntin and colleagues reported that gene expression by Leydig cells isolated from the two types of testes differs though testosterone production is reduced equivalently (Syntin et al, 2001 ). 
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Purification of Leydig cells
Leydig cells from young (4-month-old) and aged (20-month-old) rats were isolated by Percoll density gradient centrifugation, as previously described (Klinefelter et al, 1987) . The purity of the cell preparations was assessed as the percentage of cells that stained histochemically for 3β-hydroxysteroid dehydrogenase. Cell purity consistently was about 85%.
CuZn and MnSOD enzyme activities
Total SOD activity was measured as described previously (Spitz and Oberley, 1989) . In brief, Leydig cells (1 x 10 6 ) were suspended in 50 mM potassium phosphate buffer / 0.1 mM EDTA buffer, pH 7.8, and then sonicated. The supernatant was collected after centrifugation and assayed as follows: Supernatants (2-20 µl) were added to the reaction buffer (50mM potassium phosphate buffer, pH 7.8; 1mM DETAPAC; 1 U of catalase; 5.6 x 10 -5 M NBT; 0.1 mM xanthine; 0.13 mg BSA, and 50 uM BCS). The reaction was initiated by adding 100 µl of xanthine oxidase solution which was diluted until the absorbance rate in tubes without SOD (blanks) was between 0.016 to 0.025/min at 560 nm. Absorbance changes were monitored at 30-second intervals for 4 min at 560 nm in a Beckman DU 800 spectrophotometer. One unit of activity was defined as the amount of protein resulting in half-maximal inhibition. To measure MnSOD in this assay, samples were pre-incubated (1 h) with KCN (5 mM). The MnSOD activity was subtracted from the total SOD activity to calculate the CuZnSOD activity.
Glutathione peroxidase (GPx) activity
To measure GPx activity, Leydig cell pellets were suspended in buffer (50 mM Tris-HCI, pH7.6, 5mM EDTA, 1 mM DTT) and disrupted by sonication. The supernatant was collected after centrifugation and assayed as follows: Sample (20 µl) was added to the assay (50 mM buffer, according to manufacturer's specifications. PCR was performed as previously described (Anway et al, 2003) . Primers were designed (Table 1) to amplify rat cDNA fragments of CuZnSOD (Chen et al, 1999) , MnSOD (Csonka et al, 2000) , and GPx (Suwa et al, 2000) . PCR products were cloned into a p-GemT Easy Vector (Promega, Madison, WI) according to manufacturer's specifications, and sequenced to verify insert product. Northern blots were run as described previously (Luo et al, 1996) , with total RNA from 1 x 10 6 cells loaded per lane and electrophoresed through a denaturing 1.2% agarose gel. 190 191 192 193 194 195 196 197 198 Western blot analysis was performed as previously described (Luo et al, 1996) , with each lane containing protein from equal numbers of cells (1 x 10 5 ). The primary antibodies, anti-human CuZnSOD and anti-human MnSOD (UpState, St. Louis, MO), were used to detect the respective proteins according to the manufacturer's instructions. The blots were stripped and stained for the monoclonal anti-β-actin (Sigma, Charlottesville, VA) to correct for possible differences in protein loading of the gels.
GSH and GSSG
Reduced (GSH) and oxidized (GSSG) glutathione were measured as previously described (Hissin and Hilf, 1976) . In brief, Leydig cells were suspended in sodium phosphate buffer (0.1 M, pH 8.0, with 5mM EDTA) and sonicated. Protein was precipitated in meta-phosphoric acid (HPO 3 ) and then centrifuged at 13,000g for 30 min to obtain the supernatant. The supernatant was diluted 10 times with sodium phosphate buffer. Diluted sample (0.05 ml) was incubated with 0.05 ml of o-phthalaldehyde (in methanol) and 0.9 ml of phosphate buffer for 15 min at room temperature. Fluorescence was read with a BioRad luminescence spectrometer at an excitation wavelength of 350 nm and an emission wavelength of 420 nm. Leydig cell GSH content was calculated using a concurrently run reduced GSH standard curve. To assay GSSG, the supernatant was incubated at room temperature with 0.04 M N-ethylmaleimide to interact with GSH present in the sample. To this mixture, 0.1 N NaOH was added. A 100 µl portion of this mixture was taken for measurement of GSSG, using the procedure outlined above for the GSH assay.
Statistical analysis
Data are expressed as the mean ± standard error of the mean. Group mean differences were determined by one-way ANOVA. If group differences were revealed by ANOVA (P < 0.05), differences between individual groups were determined using the Student t-test. Values were considered significant at P < 0.05. 
Superoxide dismutase (SOD)
As seen in Figure 1 , the mean CuZnSOD activity in Leydig cells isolated from the testes of young rats was about 250 U/million cells. In Leydig cells isolated from aged rat testes containing a normal germ cell complement (A-N: aged non-regressed), there was a significant, 63% reduction in CuZnSOD activity from the young level; and in Leydig cells isolated from aged regressed (A-R) testes, the reduction was even greater, about 76%. The mean MnSOD activity in Leydig cells isolated from the testes of young rats, 50 U/million cells, also was reduced significantly in cells from A-N and A-R testes, by 48% and 70% respectively (Fig. 1) .
Glutathione peroxidase (GPx)
GPx activity was reduced significantly with aging in Leydig cells from both A-N and A-R testes. GPx activity was 50 U/million Leydig cells in cells from young testes, and was reduced by 24% and 54% in cells isolated from A-N and A-R testes, respectively (Fig.2) .
Steady-state levels of mRNA transcripts of scavenging enzymes Northern blots of CuZnSOD, MnSOD and GPx mRNA are shown in Figure 3A . For these studies, Leydig cells were isolated from the testes of four groups of young rats and four groups of aged rats with non-regressed testes (A-N). Quantification of the mRNA levels is shown in Fig   3B . CuZnSOD mRNA levels in Leydig cells from the A-N testes were reduced significantly, though modestly (by 14%), from the young value. MnSOD mRNA levels also were reduced, but even more modestly (by 10%) and not significantly. These decreases in mRNA for both CuZnSOD and MnSOD were in contrast to the much more robust age-related decreases in enzyme activities (Fig. 1 ). Significant decrease in GPx mRNA levels also was seen (Fig. 3B) . In this case, the reduction from young to A-N was more robust (34%) than the reductions in CuZn and MnSOD mRNAs, and was consistent with the 24% decrease seen in GPx enzyme activity. Western blots of CuZnSOD, MnSOD and actin are shown in Figure 4A . For these studies, Leydig cells were isolated from the testes of four groups of each of young, A-N and A-R rats.
Quantification of the immunoreactive protein levels is shown in Figure 4B 
DISCUSSION
A number of hypotheses have been put forward to explain cellular changes that accompany aging, including late-onset gene expression, telomere shortening, gene modifications, changes in the immune system, and accumulated oxidative damage to DNA, lipids and/or proteins ( Hollander, 1976; Cohen et al, 1978; Johnson and Neaves, 1983) . Oxidative damage has been suggested to occur as a consequence of the reactive oxygen species (ROS) produced as a byproduct of the electron transport chain in mitochondria (Cadenas and Davies, 2000) . or its conversion to pregnenolone by the action of P450 mitochondrial enzymes (Diemer et al, 2003; Stocco et al, 1993; Musicki et al, 1994) . Recently, a study of Leydig cells isolated from aged Sprague Dawley rats reported increased lipid peroxidation compared to cells from young rats (Cao et al, 2004) . 10 We demonstrated recently that aging Brown Norway rat Leydig cells produce significantly greater levels of ROS than young Leydig cells , and suggested that ROS may be involved in the reduced steroidogenesis that characterizes aging Leydig cells. The extent to which cells are damaged by the free radicals that they produce is considered to be a function of the balance between free radical production and the efficacy of the cell's free radical defense system. We show in the present study that the activities of major antioxidant enzymes in Leydig cells, CuZnSOD, MnSOD and GPx, all were reduced significantly in Leydig cells from aged rats. These reductions were seen whether the Leydig cells were from non-regressed or regressed testes, though the decreases in each case were somewhat greater in comparable numbers of cells from the aged regressed testes than aged non-regressed testes. The observation that age-related reductions in antioxidants occur in testes with normal germ cell content suggests that such reductions are largely, though probably not entirely, a consequence of changes within the Leydig cells and not in response to extrinsic changes in the germ cell content of the seminiferous tubules. Interestingly, mRNA and protein levels did not necessarily predict the changes seen in the activities of the anti-oxidant enzymes. In the case of CuZnSOD and MnSOD, for example, the mRNA levels per cell changed relatively little with aging (10-14%) compared to the changes seen in their activities (50-75%), whereas the age-related decline in GPx mRNA (35%) was as great in magnitude as the decline in its enzyme activity. Similarly, whereas the protein levels of CuZnSOD in the aged normal testes changed little, reminiscent of mRNA levels but not activity, there was a significant change in MnSOD protein level which was reminiscent of the mRNA level but not nearly as great in magnitude as the decrease in activity level.
In addition to changes in the antioxidant enzymes, decreases both in reduced and oxidized glutathione were seen. In Leydig cells from both aged non-regressed and regressed testes, the cellular contents of GSH and of GSSG were reduced from the young cell levels, while the ratios of GSH to GSSG were changed relatively little. Decreased GSH could be particularly important.
GSH plays a particularly important role in scavenging free radicals (Toussaint et al, 1993) and protects cells against several toxic oxygen-derived chemical species. It has been reported that the intracellular concentration of GSH affects DNA by modulating DNA synthesis (Suthanthiran et al, 1990) or by protecting DNA from oxidative damage (Bellomo et al, 1992) . A constant supply of reduced glutathione is necessary to repair the effects of spontaneous oxidation of sulfhydryl 11 groups, which results in cell membrane damage. GSH also is an important co-factor for glutathione peroxidase activity (Spooren and Evelo, 1998) . Therefore, it is believed that reduced glutathione is particularly important in protecting cells against oxidative damage (Di Mascio et al, 1991 ). The fact that its level is decreased in aged Leydig cells could have a significant effect on the ability of these cells to defend against oxidative stress. The results presented herein complement and extend a recent study using microarray technology in which we reported that the expression of a number of genes involved in protecting cells against oxidative stress were reduced in expression in response to aging, including SOD1
and glutathione S-transferases (GST12 and GSTM2) ( Syntin et al, 2001; Chen et al, 2004) .
Taken together, these results are consistent with published reports of age-related decreases in antioxidant enzymes in Leydig and adrenocortical cells (Azhar et al, 1995; Cao et al, 2004) , and with evidence for a central role for oxidative stress in steroidogenic function in the ovary ( Diemer et al, 2003; Stocco et al, 1993; Musicki et al, 1994) . Recently, Cao and co-workers (Cao et al, 2004) reported reduced levels of antioxidants in Leydig cells from 24-month-old Sprague Dawley rats compared to 5 month-old rats. Although serum testosterone levels decrease with aging in the Sprague Dawley strain, decreased serum LH levels also occur, suggesting that in contrast to both the human and Brown Norway rat, reduced testosterone in aged Sprague
Dawley rats is secondary to inadequate LH secretion. Additionally, substantial weight gain and the common occurrence of pituitary adenomas and other endocrine tumors occur in aging Sprague Dawley rats ( Hollander, 1976; Cohen et al, 1978; Johnson and Neaves, 1983) , making results obtained with aging rats of this strain difficult to interpret. Clearly, further work needs to be done to determine the relationship of age-related increases in ROS production, decreases in the anti-oxidant defense system and thus in the capacity to maintain a normal oxidant/antioxidant balance, and decreases in steroidogenesis. month-old) rat testes. The bars represent mean ± SEM. The rats used in the Gpx activity study were the same as those used for the SOD studies (Fig. 1) . Figure 3A shows the hybridized regions of the blots. Figure 3B shows quantitative analysis of the Northern blots; the bars represent mean ± SEM. 
